Scotopic sensitivity was compared in young and older adults in good eye health after individualized correction for age-related changes in lens density and control of pupil diameter. Unlike earlier studies on this topic, fundus photography and a grading scale were used to characterize macular health in the older sample. Twenty-four young adults (mean age 27) and 25 older adults (mean age 70 years) underwent scotopic sensitivity testing after 30 min of dark adaptation. Light sensitivity for a 450 nm target was measured at 4, 7, 32, and 38°both nasally and temporally along the horizontal meridian. Lens density was estimated using Sample's method. On average, older adults exhibited a 0.5 log unit decrease in sensitivity even with lens density taken into account, which did not vary with target eccentricity or nasal/temporal hemifield. Although 60% of older subjects exhibited fundoscopic signs of early age-related maculopathy (ARM), even those free from these signs demonstrated a half log unit sensitivity loss, suggesting that this impairment may represent a biological aging process. We found no psychophysical evidence that scotopic sensitivity loss in older adults with relatively good retinal health is accentuated in the peri-macula, even though anatomical studies on donor retinas from older adults have indicated that this area has heightened rod loss.
Introduction
Older adults commonly indicate problems with night vision or seeing under low illumination [1 -3] . Aging-related decline in scotopic sensitivity has been suggested as a possible cause for older adults' night-time visual complaints [4] . Most previous studies on this topic are difficult to interpret because of the confounding effects of pupil diameter and lens density when examining the role of neural factors [4 -8] . Decreased pupil diameter and opacification of the lens, both characteristics of advanced age, significantly decrease scotopic sensitivity [8 -12] .
Two studies have incorporated methods to control for the effects of lens and pupil in examining aging-related impairment in scotopic sensitivity. Pulos [13] found no evidence for aging-related deficits in scotopic sensitivity for 460, 490, and 560 nm targets after corrections for lens and pupil differences among the age groups tested. However, the oldest subject in this study was only 61 years old, and thus the impact of advanced age beyond the early 60's cannot be properly evaluated by these data. More recently, Sturr et al. [14] measured scotopic thresholds in a sample of older adults who extended into their 80's, and compared them to subjects aged 20-30 years. After threshold corrections for preretinal factors, older adults did indeed exhibit elevated thresholds (almost 0.4 log units on average) for both 406 and 560 nm targets. These authors suggested that this sensitivity loss in older adults could be the psychophysical correlate of rod and ganglion cell loss in the later decades of life [15] [16] [17] .
The prevalence of retinal disease, especially age-related maculopathy (ARM), increases in the later decades of life [18, 19] . Yet none of the earlier work on aging and scotopic sensitivity has used a retinal grading system to document the retinal health of the older adults whose scotopic thresholds were measured. In a few studies [13, 14] , a comprehensive eye exam was performed, and only patients deemed to be in good health by an eye care specialist were included in the sample. However, this method of case definition is highly subjective and unreliable given individual differences in what clinicians call normal eye health in the elderly. Thus, it is unclear to what extent the aging-associated losses in scotopic sensitivity reported in earlier studies reflect retinal pathology, or whether they would exist even in those older adults with no or minimal signs of retinal disease.
As mentioned earlier, one possible explanation for scotopic sensitivity loss in the elderly is rod loss in later adulthood ( [15, 16] ; also discussed in ref. [14] ). Curcio et al. [16] found that maximal rod loss in donor retinas from older adults was in an annulus from 0.5 to 3.0 mm on the retina, corresponding to 1.8 -10.6°of visual angle in the visual field. There was no evidence for age-related rod loss beyond 8 mm on the retina which corresponds to 28.3°of visual angle. We reasoned that if older adults' scotopic sensitivity loss is greatest at eccentricities where rod loss is maximal in older human donor retinas, this would provide evidence consistent with the hypothesis that decreased spatial density of rods contributes to the impairment in night vision among older adults.
The present study was designed to overcome the methodological limitations of earlier work on aging and scotopic sensitivity. Thus the following three critical methodological controls were instituted. First, lens density was estimated individually for each eye tested using the psychophysical method developed by Sample [20, 21] ; this estimate was subsequently used to correct all scotopic thresholds for that subject. Second, to remove the confounding effect of pupil diameter, each subject's pupil in the tested eye was dilated to a diameter of 6 mm or greater. Sloan [22] earlier demonstrated that pupils whose diameters are larger than 5 mm have no significant effect on light sensitivity. Third, the macular health of older subjects was documented with fundus photography, and subsequently evaluated by a trained grader using a grading scale using photographic standards for comparison. Retinal grading scales are now used quite frequently in clinical and epidemiological studies on age-related eye disease [23, 24] . It seems appropriate to incorporate their use in psychophysical studies on the mechanisms underlying vision impairment in older adults, since these grading systems provide a uniform technique for defining disease presence and severity. Another key feature of our study is that scotopic sensitivity was evaluated at several retinal loci within and outside the region of heightened rod loss in older donor retinas, as described by Curcio et al. [16] .
Methods

Subjects
The sample consisted of 24 younger subjects (mean age 27, range 22-33, 18 female, 6 male) and 25 older subjects (mean age 70, range 65-79, 14 female, 11 male). The subjects were recruited from the Primary Care Clinic of the University of Alabama at Birmingham School of Optometry. To be eligible for the study, subjects had to be free of a diagnosis of cataract, ARM, glaucoma, diabetic retinopathy, or any other eye disease which compromised visual function according to the eye care specialist performing a comprehensive eye examination. The eye exams on all subjects occurred within 12 months of participation in the protocol. Notation on the chart of drusen or macular changes was not a cause for exclusion from the study. The eye exam included ophthalmoscopy, biomicroscopy, applanation tonometry, and visual acuity measurement. Bestcorrected visual acuity (distance) was required to be 20/25 or better in both eyes, as listed on the chart. Subjects were excluded if their chart indicated a history of any neurological condition, including Parkinson's disease, Alzheimer's disease, stroke, or other diseases that compromise vision or the subject's ability to understand and participate in the protocol.
Procedure
The testing protocol consisted of a visual function assessment under photopic conditions, lens density estimation, scotopic sensitivity measurement, and fundus photography, each of which will be described below. Including rest periods, the protocol was completed in a single session of two hours duration. Written informed consent was given by subjects before the protocol began, and testing was done in compliance with the tenets of the Declaration of Helsinki.
The photopic visual function assessment included measurement of visual acuity and contrast sensitivity of each eye separately. The visual field of the eye to be tested in the scotopic sensitivity protocol was also measured. These tests were performed in order to characterize subjects in this study using common visual tests, which could assist in comparison to other studies. All visual function tests were carried out while the subject wore the best optical correction for the test distance. Letter acuity for distance was measured with the ETDRS chart [25] and expressed as log MAR. The luminance of the ETDRS chart was 100 cd/m 2 , and the subject viewed the chart at a distance of 4.0 m. Measurement of acuity on the day of testing also served as a confirmation that visual acuity met the 20/25 or better eligibility criterion for the study. If subjects did not meet this eligibility requirement on the ETDRS chart on the day of testing, they were excluded. Contrast sensitivity was measured with the Pelli-Robson chart using the standard scoring procedure and expressed as log contrast sensitivity [26] . The Pelli-Robson chart was viewed at a distance of 1.0 m, and the chart's luminance was 100 cd/m 2 . A visual field was performed with a Humphrey Field Analyzer (HFA) (Model 620, Humphrey). The full field 81-point screening test using the threshold-related screening strategy was employed with the central and peripheral reference set to 26 dB. The background luminance of the HFA was 10 cd/m 2 . The eye with better acuity was selected for scotopic sensitivity testing. The pupil of the test eye was dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride. Subjects adapted to the dark for 30 min prior to beginning lens density and scotopic sensitivity measurements.
Lens density estimation and scotopic sensitivity measurement were performed with a modified HFA that permitted the instrument to be operated under scotopic conditions [38] . To monitor fixation during scotopic testing, the HFA was equipped with an infrared CCD camera and an infrared light source to illuminate the bowl. An additional motorized filter wheel was installed inside the HFA in its light path. The filter wheel was operated remotely through a Lab-NB data acquisition board (National Instruments) controlled by a Macintosh Quadra 840AV microcomputer (Apple Computer). The filter wheel allows for the addition of standard-size optical filters in the light path of the HFA, permitting the rapid change of stimulus wavelength in the HFA. The HFA's light source was baffled to eliminate light leakage. Glow from the HFA monitor was eliminated by a hood and a red filter. The HFA was calibrated to factory specifications by a certified technician from Humphrey.
Sample et al.'s method [21] for estimating individual lens density on each subject was used. The logic underlying this method is as follows. Because the action spectrum of rhodopsin does not change with age, an estimate of lens density can be obtained by measuring scotopic sensitivity at a location outside the macula for two wavelengths of equal rhodopsin sensitivity. If no lenticular absorption is present, the scotopic sensitivity of the subject should be equal for the two wavelengths. Light absorption by the lens is wavelength dependent so that shorter wavelengths are preferentially absorbed. The difference in sensitivity between the two wavelengths is the amount of light absorbed by the lens. With increasing lens density, the difference in scotopic sensitivity between the longer wavelength and shorter wavelength becomes larger. The estimate of lens density is called the lens density index (LDI) by Sample. In our implementation of her method, the 410 and 560 nm test targets were produced by band pass filters (410 nm Ealing c 35-3243, FWHM 9.7, Peak 45%; 560 nm Ealing c 35-3706, FWHM 9.4, Peak 50%). The filters were mounted in a computer-controlled, motorized filter wheel in the light path of the HFA. The stimuli were Goldmann size V targets (1.7°of visual angle), and were presented at 15°in the nasal visual field along the horizontal meridian. Two thresholds were measured for each of the 410 and 560 nm targets, using the full threshold strategy of the HFA, which is a modified 4-2 step staircase threshold strategy. The LDI was calculated using the following equation, LDI= (log 560 nm threshold− log 410 nm threshold)− (radiance difference between the 560 and 410 nm filters) [20] . The LDI is the amount of light estimated to be absorbed by the ocular media for the 410 nm stimulus. To extrapolate the amount of light absorption of the lens occurring for the 450 nm target, the lens density data of Wyszecki and Stiles [27] were used to derive the following equation: 450 nm correction factor= {LDI * [450 nm lens density/(410-560 nm lens density)]}/0.1. To compute the lens-density corrected threshold for each subject, the 450 nm correction factor was added to the subject's sensitivity.
Following lens density estimation, scotopic sensitivity testing for a 450 nm target was measured at eight visual field locations: 4, 7, 32 and 38°along the horizontal meridian in both the temporal and nasal hemifield. Target size was 0.43°of visual angle (Goldmann size III). Test targets presented at 4 and 7°were chosen to correspond to the area of greatest age-related rod loss and targets at 32 and 38°were chosen to correspond to an area of non-significant age-related rod loss, as reported by Curcio et al. [16] in donor retinas from older adults. At each loci, sensitivity was measured 2-4 times using a 4-2 modified staircase threshold strategy. The HFA reports sensitivity values that are decibels (dB) of an attenuated 10000 asb light source. In data analysis, the average of these 2-4 sensitivity measurements defined performance at a given field location. During testing, the subject placed the head on a chin/forehead rest situated 30 cm from the Ganzfeld bowl, and was instructed to fixate on a small, red fixation light located at the center of the bowl. On each trial, the subject's task was to push a response when the target was detected. Targets were randomly presented at one of the eight test locations. False positives, false negatives, and fixation errors were recorded. If any of these error rates exceeded 10%, the subject was excluded from the study. All of the subjects who were tested had less than a 10% error rate. To determine if the subject was fully dark adapted and provide a test-retest measurement, the first threshold measurement to estimate lens density (410 nm) was repeated at the end of the scotopic testing session.
Following scotopic testing, stereo fundus photographs were made for the tested eye on all older subjects. Photographs were made with the center of focus on the optic disk and posterior pole (FF4 fundus camera, Zeiss). They were evaluated through the use of a macular grading scale based on the international classification and grading system described by Bird et al. [24] , and also those described in Klein et al. [23] and Chuang and Bird [28] . The stages of the grading scale are listed in Table 1 . Similar to the international classification and grading system, the presence of one or more large druse (]3 63 mm) and/or focal hyper-pigmentation indicate(s) a classification of stage 2 and a diagnosis of ARM. The presence of only small hard drusen classifies the subject as being normal. The presence of geographical atrophy and/or choroidal neovascularization mark the more severe stages of the scale. Photographs were rated by a experienced grader who did not know the ages, clinical characteristics, or psychophysical results of subjects. Table 2 lists for both age groups the visual functional characteristics under photopic conditions for the eye tested for scotopic sensitivity. Best-corrected distance acuity was better for younger adults, averaging 20/15 for young adults and 20/20 for older adults (F(1, 47)= 21.74, P B0.0001). Contrast sensitivity for large letters as displayed on the Pelli-Robson chart was worse in older adults (mean= 1.52), as compared to young adults (mean= 1.73) (F(1, 47)= 52.50, PB 0.0001), consistent with earlier work on older adults in relatively good eye health [29] . On the photopic 81-point visual field screening test, older adults and younger adults (mean 80.5 points detected) performed equally well (F(1, 47)= 0.66, P= 0.42).
Results
The LDI was greater on average for older subjects (mean 1.18, S.D. 0.28) compared with younger subjects (mean 0.65, S.D. 0.47) (F(1, 47)= 23.40, P B 0.0001)). The average lens density correction factor for the 450 nm test target was 1.82 dB for the younger subjects (S.D.= 1.32) and 3.34 dB for the older subjects (S.D.= 0.78). In order to assess test-retest reliability for the lens density procedure, 14 subjects repeated the first threshold measurement of the lens density procedure (410 nm) following scotopic testing. Test-retest reliability for this threshold was good, r= 0.76 (PB 0.002). Fig. 1 displays mean sensitivity as a function of eccentricity for both young and older groups. The sensitivity for each individual subject was corrected for lens density based on the LDI for that subject. There are several findings to note. First, consistent with the younger adult literature [30] , scotopic sensitivity in both age groups varied with eccentricity (F(7, 329)= 13.09, PB 0.0001). For both age groups, sensitivity was lowest at the two points nearest the fovea (4 and − 4°) (F(1, 329)= 30.92, P B 0.0001). Second, older adults exhibited, on average, a 0.51 log unit loss in sensitivity at all retinal loci tested along the horizontal meridian and in both hemifields (F(1, 329)= 42.52, PB 0.0001). This aging-related sensitivity loss did not vary with eccentricity (F(7, 329)= 1.45, P = 0.183). If the aging-related sensitivity loss is defined as it exists in everyday life, i.e. without lens correction, the average sensitivity loss in older subjects was 0.64 log units in magnitude.
The number of older subjects falling into each stage of the macula grading scale is listed on the right side of Table 1 . As the reader will recall, the eligibility criteria for inclusion in the sample were based on diagnosis information in the chart, in that subject were excluded if they carried a diagnosis of ARM. Not surprisingly, then, all older subjects had grades of 0, 1, or 2, and no subjects received a grade of 3, 4, or 5. That is, no subject had the more advanced stages of ARM (e.g. geographic atrophy, choroidal neovascularization). What is interesting is that 60% of our 'clinically normal sample', at least according to chart notes, were classified by the rating scale as having an early stage of ARM (stage 2). We wondered whether scotopic sensitivity losses were more accentuated with more severe macular signs, as indicated by the grading scale. Results, displayed in Fig. 2 , showed that sensitivity in the three subgroups of older patients (grades 0, 1, 2) was not significantly different (F(2, 22) =0.80, P = 0.46). In addition, all three groups had similar letter acuity (F(1, 23)=1.47, P= 0.24).
Sturr et al. [14] earlier reported that older men had dramatically worse scotopic sensitivity compared to women in their sample. Scotopic sensitivity in men and women was compared in the present sample, separately for young and older groups. There was no evidence of gender differences in either the young (F(1, 22) = 0.05, P= 0.82) or older groups (F(1, 23) =0.00, P = 0.96).
Discussion
Older adults in relatively good eye health exhibited a half log unit loss in scotopic sensitivity even after controlling for optical factors, implying that this visual deficit is neural in origin. Adults in their late 60's and 70's required about three times the light intensity to detect a small target than did young adults in their 20's and 30's. Older adults' night vision problems are diverse in nature (e.g. [1, 2] , including difficulties with object detection and recognition, mobility tasks, and disability glare. Although this study was not designed to determine whether scotopic sensitivity impairment is responsible for problems in specific night-time tasks, it does imply that there is a fundamental impairment in light sensitivity under dark-adapted conditions that may be one of the root causes of older adults' visual performance problems at night and under low luminance.
This study is unique in the literature on visual psychophysics and normal aging in that it utilized a grading system to characterize the retinal health of older subjects. The use of retinal classification systems is quite common in epidemiological and clinical studies on aging-related eye disease [31] [32] [33] [34] . The definition of normal aging in the retina versus retinal pathology can be quite arbitrary and can vary drastically among clinicians [35] . In attempts to characterize visual changes associated with aging, as opposed to pathology, it is thus important to use a standard against which each older subject can be compared and classified in terms of retinal health. More widespread use of these classification systems in psychophysical studies on the elderly may also assist in comparisons across studies, as well as comparison to anatomical and histopathological studies on older donor retinas (e.g. [36] ). Results in the present study suggest that the magnitude of scotopic sensitivity impairment was the same across the first three grades (0, 1, 2) of the macular grading scale that represented no, minimal, and early signs of ARM, respectively. Two implications arise. First, scotopic sensitivity impairment in the elderly may represent some fundamental biological aging process of the retina, given that the impairment is present even in 'stage 0' (which denotes the presence of 5 5 small, hard drusen). Second, it is quite possible that scotopic sensitivity measurements, at least as carried out here, are not a good assay for determining functional distinctions among the earliest stages of ARM. Several studies have indicated that scotopic sensitivity impairment is accentuated in the more severe forms of ARM (e.g. [37, 38] ), but our results suggest that this test may be insensitive to the more subtle types of retinal deterioration which characterize the earliest forms of this condition. Consistent with this notion is a study by Steinmetz et al. [39] who found that some patients with early ARM had rela- Fig. 2 . Mean scotopic sensitivity for young and old groups (averaged across visual field test loci). Older subjects are stratified by stage on the macular grading scale. Error bars are 1 S.E. Note that the mean scotopic sensitivity for older adults was similar for the three stages on the macula grading scale.
tively normal scotopic sensitivity, yet exhibited delays in dark adaptation, suggesting the latter may be a more sensitive assay of rod dysfunction in the early stages of ARM than is absolute threshold (see also ref. [40] ). Research on other types of retinal degeneration also imply that dark adaptation techniques may be more sensitive probes for underlying rod dysfunction than are scotopic sensitivity measurements [41] .
The grading system we used defined early ARM as the presence of one or more soft drusen \ 63 mm and/or the presence of focal hyperpigmentation (stage 2) which is consistent with other grading systems [24, [31] [32] [33] . This definition of early ARM may be considered too expansive because many subjects clinically classified on their eye charts as normal are classified with a diagnosis of ARM by the grading scale. Consistent with this view, Curcio et al. [36] point out that using a drusen size definition of \ 63 nm will cause many eyes to be graded as having early ARM without the presence of photoreceptor degeneration. One of the goals of this work was to exclude pathology from the sample in an effort to study the aging phenomenon. Thus, we used a stringent definition of macular normality.
Curcio et al. [16] has presented evidence that there is decreased rod density in donor retinas from older adults in the age range studied here and who were presumed to be free of identifiable retinal disease. These findings with respect to rod loss have lead some to hypothesize that older adults' scotopic sensitivity impairment is at least partially attributable to this rod loss [13, 14] . Curcio et al. [16] also reported heightened rod loss in these older donor eyes in the peri-macular area, corresponding to 1.8-10.6°eccentricity in visual field coordinates. However, our psychophysical findings on older adults in the same age range do not indicate an area of increased impairment in this area. Rather, we found that older adults' sensitivity loss was not eccentricity dependent throughout the area in which Curcio found a gradient of rod loss. In fact we found scotopic sensitivity impairment for older observers in retinal areas (28 and 32°eccentricity both nasally and temporally on the horizontal meridian) where Curcio et al. found no or only minimal rod density decreases in older donor retinas. Thus our data are not consistent with the simple explanation that the decreased spatial density of rods is the chief mechanism underlying older adults' scotopic sensitivity loss. Aging-related rod loss may be contributory but is not by itself a satisfactory explanation, a perspective also discussed by Curcio et al. [16] who point out that the total surface area of the rod outer segment increases to 'fill-in' the gaps left by degenerating rods. From a quantum-catching standpoint, this may compensate for the rod density decrease, thus minimizing the impact of decreased rod density on absolute threshold.
The question remaining is what other factors could underlie scotopic sensitivity impairment in older adults in relatively good eye health. Post-receptoral and nutritive mechanisms have been suggested as possible explanations. The ganglion cell population declines about 25% from age 20 to 80 [15, 17] . Pattern ERGs of older adults have a decreased amplitude further implicating the ganglion cells [42] . Alterations in the retinal pigment epithelium and Bruch's membrane may contribute to the decline in scotopic sensitivity by impeding the passage of vitamin A or other nutrients to the receptors [15, 43] . However, changes intrinsic to the rods themselves should not be overlooked. Alterations in phototransduction need to be examined as a possible mechanism for scotopic sensitivity loss in the elderly. Analysis of the dark adaptation kinetics of older adults would address whether rhodopsin regeneration slows with age [44] [45] [46] . Some earlier work suggests that there is no decline in the rate of dark adaptation with age, whereas other work reports such a decline [4, 7, 47] . Coile and Baker [48] found that foveal cone pigment regeneration was slowed with age. Because rods have been found to be more susceptible to the effects of age and disease than cones [16, 49] , it is reasonable to hypothesize that altered dark adaptation kinetics occur in rods. Owing to these considerations, phototransduction alterations during aging and their potential role in scotopic sensitivity loss in the elderly warrants further examination.
It is important to consider our results in light of earlier studies which attempted to control for optical factors. Pulos [13] failed to find aging-related loss in scotopic sensitivity. However, the oldest subject in that study was only age 61, so it cannot be directly compared to the present results which focused on an older age range (late 60's and 70's). Sturr et al. [14] examined a comparable age range as in the present study and reported a 0.4 log unit loss, which is very similar to the 0.5 log unit reported here. Sturr et al. used pupil corrections for individual subjects based on group averages, rather than an individualized subject approach, which may account for the slight difference in the sensitivity loss estimates between two studies. In addition, our sample was large for a psychophysical study of this type which permitted a more stable estimate of age group differences. Finally, unlike Sturr et al., we did not find any gender differences in scotopic sensitivity in either the young or old age groups. A proper evaluation of potential gender differences with respect to any biological characteristic should proceed with caution since it requires a thorough assessment of potentially confounding factors.
In summary, this study indicates that older adults in good eye health experience a half log unit decrease in scotopic sensitivity after optical factors are taken into account, suggesting a neural basis for this impairment.
This deficit was present even in those with no fundoscopic signs of ARM, as determined by a macular grading system, implying that scotopic sensitivity impairment in older adults free from retinal disease reflects a biological aging of the retina. There was no evidence of heightened impairment in the peri-macular area where anatomical studies have found heightened rod loss, suggesting that an explanation for aging-related scotopic sensitivity impairment based on decreased rod density is too simplistic. Finally, older adults exhibiting the earliest signs of ARM did not have greater scotopic sensitivity deficits than did those with no or minimal signs, implying that scotopic sensitivity measurements may not be the most sensitive assay for the studying the functional consequences of the earliest stages of ARM. Future work will examine the utility of dark adaptation techniques for uncovering the mechanisms underlying older adults' night vision problems.
